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Fiber Optic Sensors for the Study of Spacecraft-Thruster Interactions: Ion Sputtering 

'* Andrew D, Ketsdever' 
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Brian M. Eccles' 
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INTRODUCTION 

The interaction between thruster effluents and spacecraft surfaces has received considerable attention 

recently. Historically, thruster interaction concerns have focused on self-contamination from non- 

direct and high angle (measured from the thruster centerline) plume impingement. The growing 

popularity of distributed networks of cooperative, co-orbiting satellite clusters has brought about an 

additional need to address direct plume impingement or cross-contamination. Typically, quartz crystal 

microbalances (QCMs) are used to investigate spacecraft-thnister interactions where the major 

contamination mechanism is the adsorption of molecular species on critical surfaces.' New methods 

are required to investigate the complex nature of plume impingement from advanced ion electric 

thrusters where the major interaction is the sputtering of critical surfaces. Additionally, QCMs are 

limited in that they only provide interaction data at a single point; however, the plume characteristics 

of a typical ion thruster can vary several orders of magnitude over short distances. This study focuses 
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^   O:: on the proof-of-principle demonstration of a fiber optic contamination sensor (FOCS), which can   ^    ^, 

provide a complete interaction map for ion thursters as an alternative to QCMs. The FOCS measures^^a W 

; C^ the depletion of light transmitted through the fiber as the cladding material is removed (sputtered) by   ^ 

energetic plume ions.   Although this work is primarily concerned with assessing the FOCS for highly    F"       V" 

energetic ion interactions that induce material sputtering, the sensor may also be appropriate as an A 

adsorption monitor for molecular contaminants,^ ^ 

FOCS Principle of Operation 

The difference in the index of refraction between the core and cladding is responsible for propagating 

the light signal through the optical fiber. Although the light traveling in the fiber can be thought of as 

undergoing total internal reflection at the core-cladding boundary, a fraction of the light, referred to as 

the evanescent wave, actually penetrates into the cladding before being reflected back into the core.^ 

The characteristic penetration length of the evanescent wave is defined as the distance at which the 

intensity drops to e' of its initial intensity (at the core-cladding boundary), and is given by 

P     -:r Incore-neiad) , (1) 
^"clad 

Where X is the transmitted wavelength, and n,„, and n,,^ are the indices of refraction for the core and 

cladding material, respectively. The intensity of the evanescent wave decreases exponentially with 

increased distance from the core-cladding interface. If the core is sufficiently eccentric, the tail of the 

evanescent wave extends beyond the cladding into the surrounding environment. This condition is " 

representative of light propagation through the sputtered (or etched) cladding of an optical fiber where 

the thickness on one side of the core has been significantly reduced. As the sputtering process 

continues, more of the evanescent tail would be exposed to the sensor environment, causing a decrease 

in the transmitted signal stirength. The rate of decrease would be proportional to the sputter rate and 

could conceivably be calibrated to allow for the estimation of energetic ion flux at the sensor location. 

l5 Ic^    ^ EXPERIMENTAL SET UP: SIMULATED ION SPUTTERING 

(/■■^^IM^Jv—' 



In order to simulate the effects of xenon ion sputtering on optical fiber, the fiber was etched in an acid 

solution. Hydrofluoric acid (HF) was used, due to its strong reaction with silicon dioxide. The 

primary goal of this experiment was to observe the decrease in transmitted light level as a function of 

the optical fiber cladding thickness during the etching. Coming® SMF-28™ single-mode fiber was 

'^ oM ^ used, which consisted of av8.2 \im. diameter doped SiO, core, a 125 iim diameter pure SiO, claddin^ 

'^l' r^ a'^d a 245 Jim diameter acrylate protective coating. For light with a wavelength of 1550 nm, n and 

«cw are 1.4505 and 1.4447, respectively.'* The 245 ^im acrylate coating was removed from a 5 cm 

segment of the fiber using an acetone bath, exposing the cladding for HF,,, etching. The light signal 

was provided by a 1,6 mW, fiber coupled diode laser, which was determined to have an operating '^ 

wavelength of 1304 nm. A GaUium-Arsenide (GaAs) infrared detector was coupled at the other end of % 

the fiber to monitor the output signal. The exposed section of the fiber cladding was immersed in the :^ 

HFjq while the transmitted intensity was monitored as a function of time. The acid etched the 

circumference of the fiber evenly from all directions, which is physically different from energetic ion 

sputtering on only the surface facing the incident thruster plume. However, the results yielded proof- 

of-principle demonstration for the FOGS operation. 

RESULTS 

Figure 1 shows the laser light intensity as a function of time (i.e-sCladding thickness) for optical fibers' •"' ^^ 

in 49% and 20% HF^, solutions (by weight). The etch rate for the 49% HF^q was estimated to be 1.6 "^'^■"4e. 

pm/min, which is similar to puWished results for silica.^ The etch rate for the 20% HF,q was estimated 

to be 0.16 |im/min. In Fig. 1, the intensity remains relatively constant until the fibers are etched to a 

diameter of approximately 21.3 pm. This corresponds to a remaining cladding thickness of 6.55 pm or 

5X. From Eq. (2), the characteristic length of penetration, p'', of the laser light into tiie cladding 

material is approximately 3.5 pm or 2.7L As expected, the transmitted signal does not degrade until 

tile cladding tiiickness approaches p"'. The noise seen in the traces is most likely due to the fast etch 



rate, which is known to leave a rough surface.^ The repeatability of the data in Fig. 2 suggests that a 

fiber sensor used to investigate sputter removal of cladding material can be adequately calibrated. In 

order to make the experimental results meaningful for spacecraft contamination studies, it is necessary 

to correlate the measured HF^^ etch rate to an estimated ion sputter rate for some thruster. 

ESTIMATED SPUTTERING RATES FOR HALL THRUSTERS 

The SPT-100 Hall thruster is used in this study as a benchmark thruster since adequate experimental 

results for the thruster plume are reported in the Hterature. The sputter rate for SiOj impacted by the 

energetic plume of an SPT-100 has been obtained from two sources. First, Randolph/et al.* '%^. 

experimentally measured the sputter rate for a quartz engineering surface one meter downstream of the 

SPT-100 at various angles relative to the thruster centerline. Second, theoretical results for the sputter 

yield were obtained by the Transport of Ions in Matter (TRIM) computational model, which utilizes a 

Monte Carlo numerical approach with a fully quantum mechanical treatment of ion-atom collisions.' 

The TRIM-derived sputter yields were then combined with SPT-100 plume characteristics 

experimentally obtained by King and Gallimore* in order to estimate an ion sputter rate. The sputter 

rate at a given point in the plume for a material impacted by an energetic ion beam is given by 

j^^^.w<.^fVa t p lfiE)dE 

where <I>(x,(|)) is the ion flux from the thruster at some axial (x) and radial (<])) location downstream of 

the exit plane [ions/cm^ sec], f (Ei,e) is the average sputter yield as a function of ion impact energy (E) 

and incident angle (6), p is the number density of the sputtered material [atoms/cm^] and /(E) is th 

ion energy distribution function at a given axial and radial position in the plume 

9\<^   U^  ^     DISCUSSION: SENSOR UTILITY 
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Table 1 gives the sputter rates for a SiOj material surface impacted one meter downstream of an SPT- 

100, as determined both experimentally and numerically.   The effect time is defined as the time 

required to remove the final 5Xof cladding thickness, as shown in Fig. 2 (i.e., the time needed to go 

firom maximum to zero signal transmission through the optical fiber). The experimental results were 

obtained for a quartz surface oriented such that the ions were normally incident, or 0= 90°.   The 

numerical results were calculated assuming that the incidence angle of the ions impacting the SiO^ 

surface was the equal to the divergence angle from the thruster centeriine, or 9 = ^ For normally     p ^°'. 

incident ions, the sputter rate is driven by the decrease in ion flux as the plume angle increases, since ^^^^ v^" 

the sputter yield can be considered constant for a given energy. However, the numerical results show   ''^ 

that when the sputtered surface is held perpendicular to the thruster centeriine, such that 0 = I the 

sputter rate does not drop off as quickly for higher divergence angles.  This is due to the increased 

sputter yield at the corresponding higher incident angles counteracting the decrease in energetic ion 

flux. As shown in Table 1, die predicted effect time can vary greatiy depending on the incident angle 

of the ions on the SiOj surface. 

A potential configuration for FOCS monitoring of on-orbit spacecraft interactions can be envisioned as 

a two-dimensional grid of optical fibers installed on a critical surface such as a solar array panel. As a 

sensor system, multiple fibers can be connected to a single diode laser source and detector with 

coupling to allow independent measurement of a given fiber. At various locations of interest on the 

FOCS grid, the fiber cladding would be exposed to die spacecraft environment. Also, the amount of 

cladding removed prior to installation could be varied at different locations, which would allow 

contamination measurement in different phases of the spacecraft lifetime. This arrangement of sensors 

would allow the gathering of contamination data from the FOCS locations on the grid, thereby 

providing a more complete understanding of the spatial and temporal thruster interaction. 

^Y^^ ^  |,ls      —^      CONCLUSIONS 



The FOCS principle of operation has been verified in a proof-of-principle demonstration. A decrease 

in transmitted signal strength was observed as the optical fiber cladding thickness decreased during the 

HF,, solution etch. The experimental results obtained in this study simulated the sputtering of optical 

fiber cladding material by energetic ions in the plume of ion electric thrusters. The repeatability of the 

HF,q etch results indicate that the sensor can be calibrated for transmitted light intensity as a function 

of cladding thickness. Measured and calculated sputter rates for a^SPT-100 plume impactin<» a SiO, ^ P^'^^^'^ 

surface were used to calculate values for the FOCS effect time based on correlations with the '^^GJJ 

measured HF^^ etch characteristics. Results indicate that the transmitted light intensity will go ifrom   '^ ^'^"" 

maximum to zero signal in approximately 6.5 hours if the sensor is placed one meter downstream of an 

SPt-100 on the thmster centerline. This effect time is shown to increase as the divergence angle from 

the thruster centerline increases. Placing the optical fiber perpendicular to the thruster centerline can 

reduce the predicted effect time at high plume angles.  In the perpendicular configuratlion effect"^ ^'^   , 

times less than one-tenth of the design lifetime of a typical Hall thruster (~ 2000 hours) can be   '^'^ 

achieved for almost any plume angle. 
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FIGURE CAPTIONS 

Figure 1:  Transmitted laser intensity as a function of time during 49% (Left side) and 20% (Right 

side) HFjq etch of SiOj optical fiber cladding. , 

Figure 2: Transmitted laser intensity as a function of time during 20% HF,q etch of Si02 optical fiber 

cladding. Repeatability of etch results shown for four separate optical fibers. 

TABLE CAPTIONS 

Table 1: Estimated sputter rates and corresponding effect times for FOCS one meter downstream of 

an SPT-100 Hall thraster. 
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'^■i 
e = 90' 0=1 

♦ (deg.) dx/dt* (nm/min) Effect Time (hrs) dx/dt (iim/mln) Effect Time (hrs) 
0 ' - 1.68E-02   • 6.5 
15 1.03E-02 10.6 . . 
30 2.00E-03 54.3 8.55E-04 127,1 
45 6.18E-04 175.8 . . 
60 6.06E-05 1793.2 8.28E-04 131.2 
80 6.90E-06 15749 5.52E-04 196.9 

Table 1 
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